INTRODUCTION
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(Schleicher & Schuell) followed by another filtration on 0.45 μm EZ-Pak filters (Millipore) and 130 then 5 mL from 3 different samples were pooled. Stool samples were homogenized in 10 mL of 131 BHI, centrifuged at 4000 xg for 60 min at room temperature and then passed through 0.45 μm 132 filter discs to remove bacteria. Five stool samples were then pooled before the phage enrichment 133 procedure. For phage enrichment, fifteen C. difficile isolates were use as hosts, which 134 represented 8 different PCR ribotypes, including 3 isolates of ribotype 027 (Table 1) . Enrichment 135 was done by adding 1.25 mL of the pooled sewage sample to 1.5 mL of BHI containing 10 mM 136
CaCl 2 and 10 mM MgCl 2 (BHIS) and a 2% (vol/vol) inoculum of an overnight C. difficile 137 culture. For enrichment from stool samples, 2.5 mL of pooled stool supernatants were combined 138 with 2.5 mL of BHIS and 2% of an overnight C. difficile culture. The next day, cultures were 139 centrifuged for 15 min at 4000 xg and passed through 0.45 μm filter discs (Sarstedt). A second 140 enrichment was performed in a total volume of 5 mL BHIS, using 2.5 mL of the first enrichment 141 as phage inoculum. Finally a third enrichment step was done as above using the second 142 enrichment broth as the phage inoculum. Culture supernatants were then filter-sterilized on 0.45 143 µm disks and 0.1 mL samples were added to soft agar overlays inoculated with the same strains 144 as hosts, as described previously (40) . 145
Phage purification and amplification 146
Phages obtained after the enrichment procedure were purified from single isolated phage plaques 147 using three successive rounds of soft agar overlays as described before (40). Phage titers of ≥ 10 and re-streaked 3 times on BHI agar plates without phage to purify the lysogens. The presence of 154 the integrated prophage was confirmed by Southern blot hybridization using lysogenic bacterial 155 DNA and a digoxygenin (DIG)-labeled whole phage DNA probe (17). Alternatively PCR with 156 phage-specific primers was used. The functionality of the integrated prophage was verified by 157 treating lysogens with UV light (302 nm) or mitomycin C (3µg/mL), followed by phage DNA 158 purification and restriction analysis, as described previously (40). 159
MIC determination 160
Minimal inhibitory concentrations (MIC) for ciprofloxacin (CIP), moxifloxacin (MXF) and 161 levofloxacin (LVX) were determined in 96-wells plates. Briefly, antibiotics were serially diluted 162 in 96-wells plates in a final volume of 0.1 mL. An equal volume of a bacterial culture at an 163 optical density at 600nm of 0.3 (OD 600 = 0.3) was added in each well. Plates were incubated 164 under anaerobic conditions at 37ºC and the OD 600 was monitored every ten minutes during 16 165 hours using a PowerWave XS microplate reader (BioTek Instruments). 166
Prophage induction by quinolones 167
Lysogenic bacteria were grown on BHI soft agar plates containing either φMMP02 or φMMP04 168 to ensure that bacteria were still phage-immune and carrying the prophages. A single colony was 169 picked and grown overnight in TY broth. Cultures were then washed by centrifugation in TY 170
on December 18, 2017 by guest http://aem.asm.org/ Downloaded from 9 broth in order to eliminate any free phage particle that could have induced spontaneously and 0.1 171 mL of washed bacteria was used to inoculate 10 mL of fresh TY broth. When the OD 600 reached 172 0.15, 0.5X MIC and lower concentrations of antibiotics were added and the OD 600 was 173 monitored for a total of 8 hours. Mitomycin C was used as a control for prophage induction (17). 174
Aliquots (1 mL) from each induction assay were then centrifuged at 14,000 xg for 1 minute to 175 remove bacterial cells and the supernatants were stored at 4ºC. Phage titers were determined by 176 soft agar overlays containing the sensitive host strain as described earlier. A control without 177 antibiotic was also run in parallel to determine the level of spontaneous prophage induction. At 178 least three independent assays were performed and the mean ±. Student's T test and one-way 179 ANOVA analyses were performed with Prism 5.04 (GraphPad) to determine whether antibiotics 180 stimulated prophage induction compared to untreated controls. The level of statistical 181 significance was set to P < 0.05. 
Phage isolation 217
Our initial goal was to isolate strictly lytic ("virulent") phages in raw sewage samples and feces 218 from CDI patients using an enrichment protocol. A total of 30 sewage samples and 59 stool 219 samples were processed and only 6 stool samples contained free phage particles capable of 220 infecting the C. difficile isolates we selected. Phage plaques were detected on isolates CD19, 221 CD73, and CD117 that represent three different PCR ribotypes (Table 1) . Six phages have been 222 isolated from independent stool samples, 3 of which had identical HindIII DNA restriction 223 profiles. Hence, they were considered as identical phages and only one of them, φMMP02, was 224 further studied ( Fig. 1) . Overall, 4 phages had unique HindIII restriction profiles and were thus 225 considered to be different. Phage φMMP01 was isolated on strain CD19, φMMP02 and 226 φMMP03 on strain CD117 and φMMP04 on strain CD73. Phage particles were observed in 227 TEM and they all had an isometric head with a diameter of 58-70 nm connected by a neck to a 228 sheathed tail of 106-248 nm long and about 20 nm wide (Table 2) (1). 232
We verified whether the 15 C. difficile isolates that we used in the enrichment protocol contained 233 endogenous prophages corresponding to those that we isolated from fecal samples. As shown in 234 φMMP02, φMMP03, and φMMP04 confirmed that the C. difficile sensitive isolates CD19, CD73 236 and CD117 did not carry these prophages, although CD19 carried a somewhat similar prophage 237 but with a different restriction profile. Thus, the phages that we isolated had not been induced 238 from C. difficile isolates used in the course of our enrichment and screening protocol, but were 239 truly free phage particles present in the stool samples. We attempted to detect the phage particles 240 by direct plating of fecal supernatants on indicator strains without prior enrichment, but the titers 241 were below the limit of detection. 242
243
Phage lifestyle 244
In order to determine whether φMMP01, φMMP02, φMMP03, and φMMP04 were virulent or 245 temperate, we infected the sensitive hosts CD19, CD73, and CD117 at a high MOI with the 246 corresponding phages and screened for lysogens. Several colonies were obtained and southern 247 hybridization assays on the extracted genomic DNA using whole phage DNA probes were 248 performed. As shown in Fig. 2 , prophages with restriction profiles corresponding to each 249 infecting phage were found in the chromosome of the CD19, CD73 and CD117 lysogens but not 250 in the parental uninfected isolates. A few minor differences were observed between the 251 restriction profiles of the purified phages and the lysogens, which is the consequence of 252 on December 18, 2017 by guest http://aem.asm.org/ Downloaded from 13 integration of the phage DNA into the bacterial chromosome. Additional UV and mitomycin C 253 treatments were done on the lysogens to confirm the functionality of the prophages (data not 254 shown). Our results confirmed that φMMP01, φMMP02, φMMP03, and φMMP04 are all 255 temperate phages. 256
Since free temperate phages were isolated directly from stool samples, we deduced that they had 257 probably been released from indigenous C. difficile cells during infection. To demonstrate that, 258 we isolated C. difficile from the phage-positive stool samples and looked for the presence of the 259 corresponding prophage by southern blot hybridization. We could not recover C. difficile from 260 the stool sample containing φMMP01 due to loss of the initial sample but as predicted, isolates 261 CD343, CD368, and CD380 carried a prophage corresponding to φMMP02, φMMP03, and 262 φMMP04, respectively (Fig. 2) . This confirmed that prophages had been induced and released by 263 C. difficile during infection. To our knowledge, this is the first report of such in vivo prophage 264 induction by C. difficile. 265
266
Influence of antibiotics on prophage induction 267
Prophage induction from lysogens was assessed in vitro in the presence of three common 268 quinolones. We focused our analysis on φMMP02 and φMMP04 because we only determined 269 the genomic sequence of these two phages (see below). The MIC for CIP, MXF and LVX was 270 determined on lysogenic isolates CD343 and CD380, which correspond to the naturally 271 occurring clinical isolates purified from phage-positive stools and that carry φMMP02 and 272 φMMP04, respectively. The MIC was also determined on CD408 and CD412 that were obtained 273 upon lysogenization of strains CD117 and CD73 with φMMP02 and φMMP04, respectively 274 on December 18, 2017 by guest http://aem.asm.org/ Downloaded from 14 (Table 1) . Bacteria were grown in the presence of sub-MIC concentrations (≤0.5X-MIC) of 275 antibiotics and phage titers were determined in culture supernatants after 8 h of growth. As 276 shown in Fig. 3, φMMP02 and φMMP04 spontaneously induced and initiated a lytic cycle,  277 leading to the release of ~4 to 5.5-log PFU/mL after 8 h of growth (white bars). In addition, 278 spontaneous induction of φMMP04 from the naturally occurring CD380 lysogen led to a phage 279 titer ~1.5-log higher than the laboratory-generated CD412 lysogen, suggesting a greater stability 280 in the later strain. On the contrary, spontaneous induction of φMMP02 was similar in both 281 CD343 and CD408 lysogens with titers of ~5x10 4 PFU/mL (Fig. 3A, B) . 282 283 Treatment of C. difficile lysogens carrying φMMP02 with different sub-MIC concentrations of 284 CIP, MXF, LVX, or with MC had little effect on prophage induction (Fig. 3A,B) . A slight 285 increase in phage titer was observed at some concentrations, but these differences were not 286 statistically significant after one-way ANOVA analysis. The only exception was observed with 287 16 µg/mL CIP (0.25X MIC) where a statistically significant increase in phage titer was noted 288 (7.5x10 5 vs 4.5x10 4 PFU/mL, P<0.01). These results suggest that induction of the φMMP02 289 prophage by quinolones and MC is not very efficient, at least under the conditions tested. 290
291
On the contrary, the φMMP04 prophage was more sensitive to treatment with MXF, LVX and 292 MC with phage titers 2 to 4-log higher than the untreated controls in both lysogens tested (Fig.  293   3C,D respectively, as opposed to a phage titer of 4x10 5 PFU/mL in the untreated control (Fig. 3D) . 298
Interestingly, treatment with CIP stimulated prophage induction in the wild type CD380 lysogen 299 (Fig. 3D) but not in the laboratory-generated CD402 lysogen (Fig. 3C) . Taken together, our 300 results suggest that stability of φMMP02 and φMMP04 prophages is similar, but φMMP04 is 301 significantly less stable in the presence of antibiotics. 302 303
Whole genome comparison 304
We assessed the overall genome similarity of phage φMMP01, φMMP02, φMMP03, and 305 φMMP04 by southern blot hybridization with whole phage probes (Fig. 4) . We compared the 306 four phages with each other, and also with other phages from our collection (17). Hybridization 307 with a φMMP02 probe revealed significant DNA similarity with φCD52, but limited similarity 308 with φMMP01 and φMMP03, whereas hybridization with a φMMP03 probe revealed extensive 309 similarity with φMMP01, φCD52, φCD630-2, and φCD24-2. The 4 φMMP phages were also 310 found to be genetically distant from φCD38-2, a Siphoviridae phage that we described 311 previously (data not shown) (40). Phage φMMP04 seemed to be very different from the 3 other 312 φMMP phages, suggesting that this phage is genetically unique relative to our collection of 313 isolates. In brief, φMMP01, φMMP02 and φMMP03 were similar to other known Myoviridae 314 phages, but φMMP04 seemed genetically unique. 
Genomic organization and comparative analysis 329
GeneMark.hmm analysis was performed on both φMMP02 and φMMP04 genomes (28). 330
Seventy-six and 51 putative open reading frames (ORFs) of ≥ 30 amino acids were found in 331 φMMP02 and φMMP04, respectively. Comparison against NCBI and ACLAME databases 332 enabled us to assign a putative function to 36 of the 76 ORFs (47%) in φMMP02, and 24 of the 333 51 ORFs (47%) in φMMP04 (Supplementary Table S1 and Table S2 ). The overall genome 334 organization of both phages appeared to be classical, with clusters of genes coding for distinct 335 functional modules (Fig. 5) . It is noteworthy to mention that virulence factors or toxin genes 336
were not found in the two genomes using the bioinformatics approach. Protein comparison 337 against public databases and the 5 C. difficile phage genome sequences currently available 338 on December 18, 2017 by guest http://aem.asm.org/ Downloaded from revealed the great extent of similarity between phage φMMP02 and previously characterized 339
Myoviridae phages. For example, the whole DNA packaging, structural, and lysis modules 340 (ORFs 1-34) encode proteins highly similar and for the most part unique to phage φCD27 (Fig.  341   5, upper panel) . However, some tail proteins as well as the holin and endolysin (ORFs 22-34) 342
were also similar to phage φC2, φCD119, and prophages from C. difficile strain 630 and a 343 putative prophage from strain ATCC 43255. In fact, besides φCD27, the prophage in strain 344 ATCC 43255 was the most similar to φMMP02 with 30 ORFs showing >71% protein identity. 345
Some divergence was observed in ORFs 24-28 between φMMP02 and φCD27, suggesting that 346 these tail proteins are probably involved in host specificity. 347
348
In the case of φMMP04, little similarity was observed with previously characterized C. difficile 349 phage genomes over the packaging, capsid and part of the tail modules (ORFs 1-13, Fig. 5, lower  350 panel). However, similarity was observed with proteins found in Clostridium hiranonis, 351
Clostridium cellulovorans and Clostridium botulinum. As well, a prophage with extensive 352 similarity to φMMP04 was identified in a draft genome of a C. difficile strain (Accession number 353 AGAB01000039). The whole packaging, head and tail structural modules as well as the lysis 354 cassette (ORFs 1-26) were highly similar at the protein level (>81% identity). As for φMMP02, 355 some of the tail fiber proteins (ORFs 20-22) diverged between φMMP04 and the other phages, 356
suggesting that these proteins may also be responsible for host specificity. Some of the tail 357 proteins (ORFs 9-26) were also similar to proteins from phages φCD119 and prophages from 358 lysogeny module could not be clearly identified in φMMP04: an integrase gene (orf47) and a 367 putative phage repressor (orf37) were found interspersed between other DNA replication and 368 regulation genes (Fig. 5) . This type of organization was also reported in the temperate 369
Siphoviridae phage φCD38-2 (40). In brief, the similarity observed at the protein level between 370 φMMP04, φCD38-2, and φCD6356 in the DNA replication / gene regulation and lysogeny 371 modules suggests that φMMP04 is somewhat related to Siphoviridae phages. 372 373 374 DISCUSSION 375
We report the isolation and characterization of four phages infecting C. difficile: φMMP01, 376 φMMP02, φMMP03, and φMMP04. TEM observations revealed that they are morphologically 377 similar to other Myoviridae phages recently described in C. difficile (17, 20, 20, 21, 33, 36, 42) . 378
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